In this paper, a new formulation of three-dimensional J-integral for the evaluation of elastic-plastic fracture problem is presented. It is known that the J-integral represents the energy release rate per unit crack extension. The J-integral is a path-independent integral and can be computed on arbitrary integral path or domain. This property requires the assumption of proportional loading when an elastic-plastic material is considered. Because of this assumption, J-integral loses path-independent property under a non-proportional loading condition. We present a new formulation of three-dimensional J-integral representing the energy dissipation inside a small but finite domain in the vicinity of crack front. The dissipated energy includes the energy released by crack extension and the deformation energy that dissipates in the process zone. This formulation is the extension of the three-dimensional J-integral using equivalent domain integral method and derived without any assumptions on the deformation history. Therefore, it is possible to evaluate the J-integral for problems subject to any load histories. Finally, the problems of hyperelastic and large deformation cyclic elastic-plastic analysis using finite element method are presented. They show that the proposed method can be applied to non-proportional loading problem. 
tip. Its radius ε is set to be 0 in a limit. Γ t 0 and Γ u 0 are the boundaries with prescribed external forces and displacements, respectively. a 0 is the crack length and da 0 is the differential length of crack propagation. All of them are defined in the initial undeformed configuration. 3. 有限な領域V ε 0 に散逸するひずみエネルギを評価する三次元 J 積分定義式の拡張 T ε * 積分 の定義と同様に，き裂の進展に伴ってき裂の長さや面積の増大に伴い，き裂前縁 
In equation (12), the Gauss divergence theorem is applied to the domain V 0 − V ε 0 . As the result, equation (13) and Okada, 2015) の四面体二次要素を用いた検討で
Local Cartesian coordinate system at a crack front node is shown in (a). X 1 is the crack propagation direction, X 2 is the direction normal to the crack face, X 3 is the tangential direction of the crack front, and R is the distance from the origin of the cylindrical coordinate system. (b) shows the variation of the q(X) function. Here, q(X) = 1 at the crack front node that the center of integral domain and q(X) = 0 outside the domain. In R ≤ r 0 , q(X) changes linearly only in X 3 direction. In r 0 < R ≤ r 1 , q(X) changes linearly in X 3 and R directions. (c) shows the integral domains V 0 and V ε 0 . These are set by rotating the rectangle of (b) on X 3 -axis. Example of V 0 and V ε 0 with a finite element model is shown in (d). Arai, Okada and Yusa, Transactions of the JSME (in Japanese), Vol.84, No.863 (2018) (2) and equation (15). They are computed by three kinds of integral domains as shown in Fig. 9 (Small, Medium, Large) and r 0 =1.4142 mm in equation (15). These results show that J values computed using equation (15) with r 0 = 0 or 0.7071 mm (V ε 0 is less than 2 layers of elements) contains a large magnitude of numerical error. On the other hand, J values computed using equation (15) with r 0 ≥ 1.4142 mm (V ε 0 is 2 layers of elements or more around crack front) are equivalent to J value computed by using equation (2). In this case, equation (15) does not depend on the size of 0 . The results of equation (2) and equation (15) do not depend on the size of the domain of integration.
(a) (b) Fig. 10 The deformation of the CT specimen and the distribution of equivalent von Mises stress (at δ = 7.77 mm) of the hyper-elastic CT specimen. (15) when δ = 7.77 mm. These values are computed by using result of finite element analysis when δ = 7.77 mm. They are computed by Large integral domain as shown in Fig. 9 . This result shows that when 0 is r 0 =0 mm (V ε 0 =0) or 0.7071 mm (V ε 0 is 1 layer of elements around crack front) , the 2 nd term of equation (15) contains a large magnitude of numerical error. From this result, it is necessary for V ε 0 to include at least 2 layers of elements around the crack front. (15)でエネルギの散逸量が 変わることを意味する．エネルギ散逸とは塑性変形に関係するひずみエネルギのことである． Fig. 13 The relationship between equivalent stress and equivalent plastic strain adopted in the elastic-plastic analysis in this paper.
Fig. 14 Load -displacement relationship of CT specimen with isotropic hardening and kinematic hardening laws. Fig. 15 The deformation and the distribution of (a) equivalent von Mises stress and (b) equivalent plastic strain of the CT specimen at the maximum load in the 2 nd load cycles. Kinematic hardening law was assumed. The J values are normalized by yield stress = 549.2 MPa, crack length a = 30.48 mm and Young's modulus E = 206 GPa. Each case is computed by using three kinds of domains of integration shown in Fig. 9 (Small, Medium, Large). In equation (15), the small finite domain 0 is set to be r 0 =1.4142 mm (V ε 0 is 2 layers of elements around crack front). It is seen from (a) that J-integral values depend on the domain of integration especially after the first peak load. On the other hand, (b) shows that proposed method of equation (15) does not depend on integral domain even when the loading that deviates from the proportional loading. Fig.16 . Each case is computed by using three kinds of domains of integration shown in Fig.9 (Small, Medium, Large). In equation (15), the small finite domain 0 is set to be r 0 =1.4142 mm (V ε 0 is 2 layers of elements around crack front). It is seen from (a) that J-integral values depend on the domain of integration after the first peak load. On the other hand, (b) shows that proposed method equation (15) does not depend on integral domain even when the loading that deviates from the proportional loading. Fig.16 and Fig.17 show that proposed method does not depend on integral domain with arbitrary constitutive equation. The computations were performed by setting the radius r 0 of the small finite domain V ε 0 to 1.4142, 2, 2.5, 3, 3.5, 4 mm. All of them were computed by using large integral domain as shown in Fig. 9. (a) and (b) show the results of 1 st and 2 nd load cycle respectively. Fig. 18 shows that computational results of equation (15) depend on the size of V ε 0 . Equation (15) represents the energy release rate due to the crack propagation and the energy dissipating inside the domain V ε 0 . Thus, V ε 0 represents the domain for evaluating dissipation of energy inside itself. If V ε 0 is the infinitely small volume, equation (15) represents only energy release rate due to the crack propagation. 
